Abstract
Introduction

22
Tropospheric ozone is a potent pollutant damaging human and ecological health. The United
23
States Environmental Protection Agency (EPA) targets the daily maximum 8-hour average 24 (DM8A) ozone levels for regulation, with a current standard at 70 parts per billion (ppb). The Chemically, ozone is produced in the sunshining daytime and destroyed mainly by nitrogen 32 oxides (NO x ) at night, with a transition between production and destruction in the dawn and dusk emission causes have been much less studied compared to those for peak ozone.
18
Here, with the usage of hourly data observed at about 1000 sites from the Air Quality System
19
(AQS) network, we contrasted the interannual variations of the daytime versus the nighttime US 20 ozone over 1990-2014, and also estimated the trends for ozone at the different hours of the day.
21
We further quantified the individual effects of interannual climate variability and anthropogenic 
24
Most studies on the US ozone trends/variability tend to focus on ozone changes in a particular (urban, suburban and rural).
34
The manuscript is structured as follows. Section 2 introduces the observation data, climate 35 indices, and GEOS-Chem simulations. Section 3 analyzes the linear trends for annual mean 36 hourly, daytime mean, nighttime mean and daily mean ozone. Section 4 compares the observed 37 ozone trends and interannual variability with three climate indices relevant to the US air quality. Section 5 uses four GEOS-Chem simulations, with perturbed emissions and meteorological 1 inputs, to quantify the individual effects of climate variability and anthropogenic emissions.
2 Section 6 concludes the study. rural (42% of sites on average), suburban (40%) and urban (18%) sites, based on the official site 10 description document. We mapped the ozone measurements on a 2.5ºlong. 
17
Robustness of data selection method 18 To test the robustness of ozone trends results against the data/site selection method, we used four 19 alternate methods to choose sites, as follows.
20
The first alternate choice concerns the number of sites in a particular grid cell for geographical 21 representativeness, and it excludes 24 out of the default 124 grid cells that cover less than three 22 sites each.
23
The second choice concerns the temporal continuity of valid data at each site, and it only includes 24 sites with valid data in at least three years for every five years (1990-1994, 1995-1999, etc each common grid cell differ between the two site selection methods.
29
The third choice is much stricter, and it only selects 70 sites (24 rural sites, 27 suburban sites, and
30
19 urban sites) with valid hourly data in 75% or more of hours during 1990-2014.
31
The last choice is more complex, and is similar to the method adopted by Tg/yr (3.2%/yr) for CO. Natural emissions vary from one year to another with no obvious trends. the US decline by 33% and 26%, respectively ( Fig. 2(a,b) ). As the US anthropogenic emissions 
Observed ozone trends at different times of day
30
The black line in Fig. 3 focus on trends and (de-trended) variability in the daytime mean, nighttime mean and daily mean 3 ozone, unless stated otherwise.
4 Table 2 shows the 1990-2014 trends for the US annual average daytime, nighttime and daily is about 4.1 ppb, 2.3 ppb and 5.3 ppb for daily mean, daytime and nighttime ozone, respectively.
10
Table 2 also differentiates the ozone trends for individual seasons over the eastern and western
11
United States (separated by 100°W). Overall, the growth rates are higher over the west than over 12 the east, and the regional difference reaches about 0.15 ppb/yr in summer (June, July and August) 13 for daytime, nighttime and daily mean ozone. Seasonally, the most significant growth occurs in then computed the 5th, 50th, and 95th ozone percentiles in each year. We then averaged the 4 annual data over each site type (rural, suburban, or urban) for a subsequent trend analysis.
5
Overall, the 50th percentile trends are positive for daytime, nighttime and daily mean ozone at all 6 site types, consistent with the trends in the US annual mean ozone (Table 2 ).
7 Table 3 shows that for the nighttime mean ozone, trends at the 5th, 50th and 95th percentiles are Table 3 further shows that for the daytime mean ozone, trends at the 5th and 95th percentiles 12 differ greatly, and there are only small differences across the rural, suburban and urban sites. The Overall, the distinctive trends at the three percentiles reflect a decrease in the peak ozone 20 contrasted by an increase in the low ozone (Table 3) , a decrease in summer compensated by an 21 increase in other seasons (Table 2) , and stronger tendency of ozone growth over the west than 22 over the east (Table 2 and Fig. 5 ).
23
Our daytime results in Table 3 
Relation between de-trended ozone and climate variability 33
We relate the interannual variability of ozone to AMONI, AMO and ONI. We de-trended the ( Fig. 8(b, c) ). 29 Table 4 further shows the seasonal and regional differences in the correlations between de- However, the correlations in winter and spring (0.37-0.50) are higher than those in summer and 37 fall (0.19-0.27). Table 4 and Fig. 7 suggest that the AMONI-associated large-scale climate We further used GEOS-Chem simulations to investigate the distinctive effects of interannual 6 climate variability and anthropogenic emissions on the US daytime and nighttime ozone. (Table 2 ). daytime and nighttime mean ozone, respectively, averaged over the US.
31
The solid yellow line in Fig. 11 shows that the "Control" simulation captures the diurnal variation shows that with fixed emissions, the modeled annual daytime and daily mean ozone are still rising Asian emissions simulated in the third case but not in the second case. Seasonally, the 1 increase from the second to the third case is greatest in spring (0.11-0.14 ppb/yr versus 0.06-0.07 2 ppb/yr, Table 5 ). The contribution of rising Asian emissions to the springtime US ozone growth, Table 5 shows that the trend in annual nighttime mean ozone 9 is still notable, at 0.26 ppb/yr (P-value < 0.01) compared to 0.31 ppb/yr in the "Control" (Table 5 ).
18
For each hour of the day, the two shaded areas in Fig. 11 broadly separate the contribution of shows that the emission contribution dominates in the nighttime hours (relatively constant at 25 about 60%), with a reduction in the morning hours, an increase in the late afternoon hours, and a 26 minimum value (at 25%) around 15:00. 2. based on data in the 124 grid cells, our default choice. 3. similar to a, but based on data in the 100 grid cells that include at least three sites. 5. based on 70 sites with more than 75% of hourly data available in all years. 7. Correlation between the US annual ozone time series in a sensitivity case and the time series 13 in the default case.
14 8. Similar to 7 but for de-trended ozone.
16
Atmos. ozone and individual indices ("**" for P-value < 0.01 and "*" for P-value < 0.05 under a one-side 7 T-test). 
